We suggest the use of the refractive-index changes associated with the intersubband transitions in quantum wells for phase matching in nonlinear materials.
The second-harmonic generation (SHG) efficiencies of nonlinear materials are often limited by their coherence lengths, 1 and schemes for phase matching or quasi-phase matching 2 need to be employed for reasonable conversion efficiencies to be achieved. Recently it was demonstrated that the refractive index of bulk material may be selectively altered by the large refractive-index contributions associated with the intersubband transitions (ISBT's) in quantum wells. 3 ' 4 In this Letter we suggest the use of these tailorable refractive-index contributions to offset the bulk's dispersion and obtain a phase-matched material at a selected wavelength. The phase matching obtained in this manner is intrinsic and requires no external process such as quasi-phase matching or angle tuning. We examine the contribution of this technique to the conversion efficiency of mid-IR radiation in GaAs phase matched by GaAs/AlGaAs n-doped quantum wells. Both the ideal case of a bulk material embedded with quantum wells and the case that is more practical as a result of growth limitations of the TM mode in a narrow dielectric waveguide 5 are considered.
We consider ISBT index contributions originating either from symmetric (two-level) wells, designed for phase matching only, or from asymmetric (threelevel) quantum wells, designed both for resonant enhancement of the SHG and for phase matching. First we examine the former, in which the source of the SHG nonlinearity is the bulk material. Introduction into bulk material of a transition whose real part of the optical susceptibility will offset the bulk's dispersion will lead to phase matching. Doped quantum wells are optimal for this purpose, because the ISBT's constitute a two-level system with a designable energy-level separation and large optical dipole elements. In the following treatment we shall limit ourselves to electron ISBT's in quantum wells, but the treatment is valid for any two-level system that may be distributed uniformly (on a wavelength scale) in a dispersive host material.
The ISBT's offsetting the bulk's dispersion are unavoidably 6 accompanied by loss; hence a solution of the SHG propagation equations that takes the absorption into account 7 is necessary. Maxwell's equations for a field of w and 2w frequency components (E,, and E 2 w, respectively) reduce with the slowly varying amplitude approximation 8 to
where n,,, and n 2 a,, are the first-and second-harmonic bulk refractive indices, respectively, d is the bulk's SHG coefficient, and Ak k 2 w, -2k, is defined as the phase mismatch. The real and imaginary components of the ISBT linear susceptibility, x'(cw) and X`(co), are given for a two-level system as 8 (2) where N is the average electron volume density, ju is the intersubband dipole element, T 2 is the dephasing time, and Act) is the detuning of c from the ISBT frequency (co + Ac is hence the second harmonic's detuning). The wave vectors are thus modified by the real components of the ISBT and become
and the absorption, neglecting the bulk's contribution, is given by
Normalizing the fundamental frequency and its detuning in half-linewidth units (Co coT 2 and Aco3 AwoT 2 ), we obtain the phase-matching condition from Eqs. (1), (2), and (3a) as 
where Xres is the on-resonance (imaginary) susceptibility [Aco = 0 in Eq. (2)]. When phase matching (Ak = 0) is maintained, Eqs.
(1) are solved as (5) where we have neglected the depletion of the first harmonic that is due to SHG (E 2 , << E,,,). From
Eq. (5) we find the optimal conversion distance as where I,, (0) is the incident first-harmonic intensity. By substituting Eq. (2) and (3) and relation (4) 5 .3 pjm, leading to an improvement of almost 2 orders of magnitude over non-phase-matched bulk. To prevent saturation of the transitions, we must limit the incident optical intensity to (C5/2) 2 times the ISBT saturation intensity, 7 but practically it will be limited by surface phenomena' 0 to _10 MW/cm 2 . This leads to a maximal conversion efficiency of approximately 3%, with d _ 3.4 x 10-21 m/V for GaAs."
The maximal refractive-index dispersion that may be compensated for is given by relation (7c) as a function of the average electron density and of the optical dipole matrix elements. AlGaAs/GaAs wells with a volume density of 1018 cm-3 and dipole matrix elements of 2 nm need a filling factor of less than 10% to correct the dispersion of bulk GaAs. Unfortunately current technology limits the growth of high-quality epitaxial layers to -10 lOm, making waveguiding necessary for longer interaction distances. 5 The refractive-index contribution of ISBT's located in the core of a dielectric waveguide must be tailored to equalize the phase velocities of the first-and second-harmonic modes. Using a numerical solution 1 2 of the TM modes in arbitrarily shaped dielectric waveguides, we find that phase matching should be obtainable by use of ISBT's, provided that sufficient confinement is achieved. Figure 1 shows a possible example of a phase-matched waveguide. The refractive-index correction obtained by a single ISBT halfway between the first and second harmonics is insensitive to the transition's frequency to first order, making this phase-matching technique tolerant of quantum-well growth inaccuracies (ISBT frequency variations). The magnitude of the ISBT, however, has to be obtained with an accuracy of at least ir/J to increase the coherence length above the optimal propagation length. This magnitude is correctable by electron injection mechanisms,' 3 which are thus also the way tuning may be achieved. The phase matching is relatively broadband and can be tailored to cover most of the CO 2 laser's spectral range, as shown in Fig. 2 . of -0.001 at extremely short propagation distances have been reported. The assumption made in most of the reported analysis is that, since the propagation distances are much shorter than the bulk's coherence length, phase matching is unnecessary. This assumption neglects the index changes accompanying the ISBT's that could be tailored to offset the bulk's dispersion on one hand but could, on the other hand, significantly increase the phase mismatch. The magnitude of this ISBT-induced dispersion is easily estimated from the simple case of equal dipole elements and opposite detuning [Ig12 = A13 and (co -c01 2 ) = (c1 3 -2co); see the inset of Fig. 31 for which
The accumulated phase difference at a distance of the inverse of the absorption coefficient is therefore 2AcDi. Thus, when the normalized detuning (ACD) is not significantly smaller than 1r/2, the ISBT phase mismatch may limit the maximal conversion efficiency, even for propagation distances shorter than the bulk's coherence length. In Fig. 3 we give an example of the ISBT's of a three-level quantum well, both enhancing SHG and offsetting the bulk's dispersion. The applicability of such a technique is limited by its high sensitivity to well parameters and by the saturation of near-resonant ISBT's, 7 l 5 but the phase mismatch that may be caused by the ISBT's dispersion must be considered in any attempt to increase significantly the resonantly enhanced conversion efficiencies.' 4 ,' 5 Only on-resonant, or equally detuned, transitions of equal strength will not include such a phase mismatch.
In summary, we have considered the implications of the ISBT's index contributions to SHG and suggested a novel phase-matching technique. This technique replaces the coherence length limitations on SHG conversion efficiencies by absorption limitations-with a potential gain proportional to the transition's frequency-to-linewidth ratio squared. This technique may be applied to any material in which a desired wavelength transition with a sufficient refractive-index correction can be introduced. With current technology, the use of ISBT phase matching may lead to an improvement of almost 2 orders of magnitude in the bulk SHG of 5-/ttm radiation in GaAs, with further improvement dependent on the availability of narrower linewidth transitions.
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